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Abstract: To solve the low efficiency of plasma synthetic jet actuator (PSJA), a multichannel discharge 
technique based on the concept of voltage relay is put forward and a new multi-electrode plasma 
synthetic jet actuator (ME-PSJA) is designed. Experiment shows the multichannel discharge technique 
can enlarge the discharge channel distance by multiplying the discharge channel number without 
increasing the input voltage. With a 1 nF discharge capacitor, the discharge efficiency of three channels 
discharge increases 135% compared with standard one channel discharge. When the discharge 
capacitor increases to 0.3 μF, a four discharge channels still improves the discharge efficiency 119 % as 
well. Schlieren flow visualization confirms that ME-PSJA also outperforms the 2-electrode PSJA in 
terms of jet velocity and duration time, both are increased by about 50%. 
Keywords: flow control; plasma actuator; plasma synthetic jet; discharge efficiency  
 
0 Introduction 
There has always been continuous effort in the development of active flow control so as to 
improve the performance of aerodynamic applications. Different from the passive control device, the 
active control has the benefit of being adaptive to the flow condition, and can be switched off when 
control is not needed. The plasma synthetic jet actuator (PSJA) is one novel active flow control 
technique, and it is believed to have promising capability in the transonic and supersonic regime. 
Originally proposed in 2003 by the Johns Hopkins University[1]，applications of PSJA can be seen in 
shock wave boundary layer interaction (SWBLI)[2,3] and shock wave manipulation[4,5]. 
The PSJA has been under continuous development. The evolution of the PSJA technique is 
summarized in Figure 1 graphically. In general, there are two generations of PSJA and they are 
distinguished through the number of electrodes. The first generation features two electrodes, namely 
dual-electrode PSJA (DE-PSJA). The early research in the Johns Hopkins University showed the 
DE-PSJA can produce high speed jet and has potential application for high-speed flows [6-13], which 
supplements DBD type actuator’s low-speed applications. On the other hand, the drawback of PSJA’s 
low efficiency has been identified, which hinders its practical usage. Various researches pointed out its 
efficiency is less than 30% [14-17], sometimes it is even less than 1% [18,19]. It is eventually found 
that the efficiency is affected by the electrode gap distance. Our experiment also showed that a PSJA 
with 3 mm electrode distance can generate strong jet, while that with 0.5 mm electrode distance cannot 
generate jet[20]. The second generation PSJA emerges with longer electrode gap by adding a third 
electrode, namely the trigger electrode. The second generation also has the name three-electrode PSJA 
(TE-PSJA)[15]. With the help of electronic element, such as magnetic switch and diode, the anode and 
trigger electrode can be hold together[19-21]. In this condition, the TE-PSJA can be improved to 
two-electrode PSJA. The TE-PSJA has already been used by several researchers[22-26]. However, as 
 the electrode gap of the TE-PSJA is determined by the voltage of trigger power supply, there is an 
upper limit for the gap distance. If the gap exceeds the critical distance, no discharge will take place. As 
a result, the further improvement is restricted by the critical gap distance and breakthrough in 
technology is required. 
 
Figure 1.  The development of the PSJA 
In the present work, a new discharge concept of voltage relay is developed. This concept allows to 
enlarge the gap distance without any increase in input voltage. Using the voltage relay concept, a new 
discharge circuit and a new PSJA, namely the multi-electrode PSJA (ME-PSJA), are proposed. In order 
to validate the new ME-PSJA, its aerodynamics performance is validated experimentally through 
schlieren. 
1 A new concept to enlarge the distance of discharge channel 
The discharge circuit of the first generation DE-PSJA is simplified in Figure 2 (a). The discharge 
current of the DE-PSJA is a sinusoidal oscillating signal and the amplitude follows the damped 
exponential law, as shown in Figure 2(a). When the voltage begins to decrease and the current begins to 
increase heavily, it is the time that the process of breakdown has terminated and the process of 
discharge has started. Therefore, only a little fraction of the pulsed energy is used to trigger the 
discharge and build the discharge channel. A large portion of the energy is consumed in the discharge 
process. The resistance in the plasma region is subject to dramatic change as shown in Figure 2(c). The 
change of plasma resistance can be divided into two processes, namely the breakdown process and 
discharge process. As long as the voltage across the discharge electrodes is higher than the 
corresponding breakdown voltage, the breakdown process will happen. Therefore, if the voltage can 
remain unchanged and can be relayed to the next discharge electrodes, the discharge channel would be 
increased. In this way, the total distance of the channel can be enlarged. 
       
Figure 2.  Characteristics of discharge circuit of two-electrode PSJA: (a) simplified circuit (b) 
evolution of discharge voltage and current (c) evolution plasma resistance 
Due to the negative resistance characteristics of the discharge channel, when the breakdown of the 
discharge gap happens, the plasma resistance decrease quickly. As a result, the energy stored in the 
capacitor is consumed by discharge quickly. Therefore, a larger impedance of the discharge circuit is 
preferred to reduce the discharge rate. But large impedance may result in a small current, which 
 eventually makes the discharge channel to quench. Taking these factors into consideration, a special 
discharge circuit is designed. 
A baseline test circuit is thus proposed to provide the voltage relay with appropriate circuit 
impedance as shown in Figure 3 (a). The discharge voltage and current are measured with a high 
voltage probe (Tektronix P6015A) and a current probe (Tektronix TCP312), respectively. The 
measurement positions are labelled in figure 3(a). The voltage and current are recorded by an 
oscilloscope (Tektronix DPO4140). The waveforms are shown in Figure 3 (b), which is different from 
the conventional circuit as previously shown in figure 2(b). As soon as the breakdown of the electrode 
gap happens, the voltage at point 2 increases rapidly and reaches its peak value in 25 ns. The current 
quickly increases to 8 A in less than 20 ns and then decreases to 0 A. Because of the large difference 
between the capacitor C and C1, and the low energy required to build the discharge channel, the voltage 
at position 1 has little change during breakdown. Meanwhile, the voltage at position 2 increases to a 
high value and can be used to build the next discharge channel. 
       
           (a) The experimental system         (b) The typical current and voltage history 
Figure 3.  The special discharge circuit experiment 
Following the baseline test circuit in Figure 3, a special discharge component can be established, 
as shown in Figure 4(a). In this circuit, the capacitor and resistor has the name of relay capacitor and 
relay resistor, respectively. The capacitance of relay capacitor is larger than the equivalent capacitance 
of electrode gap. It is known that the capacitor impedance goes down as capacitance goes up. Hence, 
before the breakdown of the electrode gap, the voltage across the electrode gap is the same as the input 
voltage, but the output voltage is zero. As soon as the breakdown happens, the impedance of the 
electrode gap decreases rapidly, and the relay capacitor is charged, raising the output voltage, which 
can be used to drive the next discharge element. The relay resistor is used to absorb the residual energy 
in the relay capacitor, as the discharge in the relay capacitor, in practice, is usually incomplete. Because 
the gap needs to be ignited in a repetition mode, the residual energy in the relay capacitor has to be 
released. Otherwise, the breakdown voltage will not be reached across the gap. 
Taking these factors into consideration, the resistance of relay resistance should meet the condition, 
as shown in Eq.(1). In this relationship, t1 represents the time needed to build the complete discharge 
channel in the multichannel discharge circuit, which is in order of microsecond. t2 indicates the 
discharge time interval, which is determined from the repetition rate f, t2=1/f. 
t1<<5RrelayCrelay<<t2   (1)
 
Using this discharge component, a new circuit containing multichannel discharge can be built, as 
shown in Figure 4(b). This discharge circuit operates in a relay style. After the breakdown of electrode 
gap 1, the voltage across the electrode gap 2 increases, leading to the breakdown in electrode gap 2. 
The breakdown in the rest electrode gaps takes place in a replay manner. As a result, this ‘relay’ 
discharge circuit increases the discharge gap through increasing the number of discharge channel. 
      
     (a) the discharge component            (b) the complete discharge circuit 
Figure 4.  the schematic diagram of the relay multichannel discharge circuit  
2 Experiment on the multichannel discharge circuit 
2.1 Experimental circuit 
A prototype circuit containing four discharge channels is built for validation purpose, as shown in 
Figure 5. A high voltage DC power is used to charge the main discharge capacitor C (1 nF) through a 
10 MΩ current-limiting resistor Rlim. The relay capacitance of C1, C2, and C3 is 100 pF, while the 
resistance of R1, R2, and R3 is 1 MΩ. This prototype circuit also allows to change the number of 
channels through reducing the electrode gap down to zero. For instance, a three-channel discharge 
circuit is realized by setting the distance of electrode gap 4 to 0. The measurement system is the same 
as that used in test in the previous section. In the following, V1, V2 and V3 are used to represent the 
voltage measured at point 1, 2 and 3, respectively. 
 
Figure 5.  the schematic diagram of the prototype relay circuit 
2.2 Results and discussion 
2.2.1 The electric characteristics 
 A three-channel discharge is first conducted to reveal the electric characteristics. The length of 
electrode gap 1, 2, 3 and 4 are thus set to 2 mm, 2 mm, 2 mm and 0 mm, respectively. The measured 
discharge voltage (V1, V2) and current waveforms are shown in Figure 6. The breakdown of the 
electrode gap 1 leads its impedance to decrease. The capacitor C1 is then charged. As a result, the 
voltage V2 increases to 9.4 kV in less than 30 ns, giving rise to the breakdown in gap 2. Because of the 
large capacitance of main discharge capacitor C, V2 only decreases slightly before the breakdown of 
gap 3. The next capacitor C2 is further charged following the breakdown of electrode gap 2, and the 
voltage across C2 increases. Similarly, when the voltage across gap 3 reaches to its breakdown voltage, 
the breakdown in gap 3 happens, and a complete discharge channel is built. At this moment, the current 
increases to about 100 A quickly. 
  
 Figure 6.  The multichannel discharge voltage and current waveforms 
In conclusion, the breakdown of electrode gaps happens sequentially. The capacitor and resistor 
connected to the electrode gap are critical. They must secure the sequential breakdown for the gaps. 
Before the breakdown, the gap can be seen as an open switch. It acts as a small resistor after 
breakdown takes place. Since the breakdown changes sequentially, the circuit also changes. The 
equivalent circuits after each breakdown is shown in Figure 7. 
 
Figure 7.  Equivalent circuits after three sequential discharges 
 The input power voltage and the peak current with different channel numbers and different 
distances of electrode gap are shown in Figure 8 (a) and Figure 8 (b), respectively. Note that the input 
power voltage is the voltage at measurement point 1 before the breakdown of the electrode gap 1 for 
each test. The horizontal axis is the length of a single discharge channel. 
       
(a) The input power voltage               (b) The peak current 
Figure 8.  Effect of the number of discharge channel and gap distance on breakdown voltage and peak 
current 
The input power voltage can be theoretically predicted through the following relation
[27]
: 
breakdown 2.436 6.72 0.1 (kV)U pd pd     (2) 
where p is the pressure (unit: bar), d is the distance between the electrode couple (unit: millimeter). The 
breakdown voltage estimated theoretically using Eq. (2) is also included in Figure 8 (a). It can be found 
that the experimental data and theoretical data have a good agreement. The input voltages almost grow 
 linearly with the increase of gap distance. The number of channels seems to have trivial effect on the 
breakdown voltage, as little variation can be observed by adding more channels. On the other hand, 
increasing the number of discharge channel essentially results in a larger total discharge length, giving 
rise to a larger plasma resistance. As a result, the peak current decreases. The influence of channel 
number on the peak current is presented in Figure 8 (b). 
Different from the conventional single channel discharge, there is an obvious breakdown 
discharge process in the new circuit. The current and voltage at measurement position 1 with 2 mm gap 
distance are shown in Figure 9 (a) and Figure 9 (b), respectively. It is rather apparent that the voltage 
drop for two-channel discharge and three-channel discharge is less steep at the initial phase. In the 
meantime, there is a delay in current increase for the multi-channel discharge. In the present test, the 
current increase for 2-channel discharge and 3-channel discharge are at 53 ns and 108 ns, respectively, 
which are the amount of time needed to build the complete discharge channel. Therefore, longer time is 
needed to trigger the discharge for a greater number of channels.  
     
(a) The voltage                         (b) The current 
 Figure 9.  Voltage and current waveforms for single and multi-channel discharges 
2.2.2 The influence of the discharge capacitor on the multichannel discharge circuit 
The circuit is further made into a four-channel discharge circuit by increasing the fourth gap 
distance from 0 to 3 mm. The discharge capacitor is changed from 1 nF to 3.2 nF to study the effect of 
discharge capacitor. The increase of the capacitor is made through parallel connecting another capacitor 
of 2.2nF. 
In case of smaller capacitor (C=1 nF), breakdown only happens in the first three gaps except gap 4. 
This condition is named the incomplete discharge. As the relay capacitance is larger (1 MΩ), the 
current flowing the electrode gap is very low, depositing small energy. Based on arc energy balance 
theory, the discharge channel in gap 1, gap 2 and gap 3 would terminate quickly, and the energy stored 
in the discharge capacitor cannot be released completely. The waveforms of voltages at position 1 and 3 
and current are shown in Figure 10 (a). Because part of the input energy is consumed in the breakdown 
discharge process and to charge the relay capacitor, the voltage at position 1 decreases from 13.8 kV to 
nearly 10.5 kV after 200 ns, which is highlighted by the pink arrow. This voltage drop together with the 
voltage waveform shown in Figure 3 (b) indicate that the energy stored in the discharge capacitor isn’t 
enough to provide sufficient voltage. 
In case of larger capacitor (C=3.2 nF), breakdown happens in all four electrode gaps, namely the 
complete discharge. As a result, the circuit impedance decreases quickly, and the current increases to 
about 300 A. The energy stored in the discharge capacitor can be released in the discharge process, and 
the voltage across capacitor eventually becomes zero. The discharge voltage and current waveforms are 
represented in Figure 10 (b). The breakdown of the fourth channel, namely the decrease of V3, happens 
 at around 270 ns, when V1 is about 12.2 kV. It should be noted that there is no significant voltage drop 
in V1, despite the small oscillation. So far it reveals that the discharge capacitance is critical in the 
breakdown process. It should be large enough to secure the breakdown of the discharge channel. 
So far, it can be understood that a larger discharge capacitor is necessary when the discharge 
channel number increases. As discussed above, the relay capacitor is charged with the breakdown of 
electrode gap. As a result, with the increase of number of electrode gap, more energy is needed. But the 
maximum voltage across the discharge capacitor is determined by the corresponding breakdown 
voltage of the first electrode gap. As a result, the more the electrode gap is, the larger the capacitance of 
the discharge capacitor needs to be. 
In addition, the distance of total discharge channel increases with growth of discharge channel 
number naturally. This means that the distance of total discharge channel increases with the raise of the 
discharge capacitor. In the previous study, the only way to increase the discharge channel distance is to 
increase the input voltage. The present conclusion is potential in solving the problem that the efficiency 
of the PSJA decreases with the increase of capacitance[17]. 
      
(a) The incomplete discharge             (b) The complete discharge 
Figure 10.  The voltage and current waveforms for 4 discharge channels 
2.2.3 The discharge efficiency 
The discharge characteristic of the multi-channel circuit is similar as the typical discharge in RLC 
circuit. The plasma region can be modeled as a constant resistor in a simplified calculation[28]. The 
discharge current can be obtained as following: 
( ) sin( )atdi t A e t
    (3) 
where A, α, and ω are determined by the circuit resistor, inductor, capacitor, and the initial voltage. In 
the present circuit, the capacitor is constant. The initial voltage is obtained from measurement. The 
resistor can be found through fitting the current returned by Eq.(3) with the measured current 
waveform, as shown in Figure 11. 
Using this method, the plasma resistances for different channels are compared in Figure 12. The 
increase of plasma resistance is non-linear when the number of channel increases. When one channel is 
used, the plasma resistance is 1.51 Ω. Increasing the number of channels to two, the plasma resistance 
becomes 3.16 Ω. A three channel circuit results in a plasma resistance of 5.3 Ω. Moreover, with the 
increase of the discharge channel number, the discharge current decreases. Based on the arc-resistance 
models[29], the resistance of spark channel is negatively related to the discharge current. As a result, 
the resistance of a single channel with the same length also increases. 
   
Figure 11.  The fitting curve of the discharge current 
Knowing the plasma resistance, the total discharge efficiency is calculated as the ratio of plasma 
resistance and the circuit total resistance, as shown in Eq.(4). 
plasma
total
R
R
       (4) 
As shown in Figure 12, the one-channel circuit thus has efficiency of 54%. It is improved by increasing 
the number of channels. The plasma resistance in the present three-channel circuit is 135% of that of a 
one-channel circuit. However, the efficiency improvement is only 48%. The slower improvement in 
efficiency can be attributed to circuit resistance, which is critical in determining discharge efficiency. 
The circuit resistance includes the wire resistance and the equivalent series resistance of the discharge 
capacitor. The effect of circuit resistance is also simulated and the result is shown in Figure 13. The 
number of discharge channels is simplified represented by the increasing magnitude of plasma 
resistance. All the five curves, each of which has constant circuit resistance, exhibit the same trend. A 
rapid growth in efficiency happens when plasma resistance is initially increased, but the growth 
becomes slower when plasma resistance is further increased. This effect is delayed when a larger 
circuit resistance is present. Therefore, this multichannel discharge circuit can play an import role in 
practical application, where the Rwire,c is relatively large. 
 
Figure 12.  The plasma resistance and discharge efficiency versus the discharge channel number 
  
Figure 13.  Influence of circuit resistance on discharge efficiency 
 3 Experiment on the ME-PSJA 
3.1 The Actuator and Experimental Setup 
A ME-PSJA using the multi-channel discharge circuit is further test. The present actuator features 
conventional cavity-cap structure, and it is shown in Figure 14. The ceramic cavity has height and the 
inner diameter of 15 mm. There are five tungsten electrodes in the cavity and the distance between the 
neighboring ones is 3 mm. The cap is made of copper. An orifice is equipped in the center with 
diameter of 3 mm. The power supply system uses the multichannel discharge circuit, which is similar 
as shown in Figure 5. In order to ensure the strength of the jet, a large discharge capacitor of 0.3 μF is 
chosen. This circuit also allows to change the number of discharge channel through different wire 
connections. 
 
(a) The components 
 
(b) The diagram 
Figure 14.  The multi-electrode PSJ actuator 
A Z-type schlieren system is used for visualizing the generated jet flow. The illumination is 
provided by a Xenon lamp. A Phantom V2511 high-speed camera is used to record the images. It 
operates at a frame rate of 170,157 fps, the exposure time is chosen at 0.92 μs. 
3.2 Results and discussion 
3.2.1 The discharge characteristics 
The discharge current is shown in Figure 15. With the increase of the discharge channel number, 
the current attenuation increases. This suggests that the total resistance in the discharge circuit 
increases. Taking the constant wire resistance and equivalent series capacitor resistance into 
consideration, it is believed that the increase of resistance is caused by the increase of discharge 
channel number. 
 
Figure 15.  The discharge current waveform 
 The plasma resistance can be calculated from the recorded discharge voltage and current, and the 
discharge efficiency can be further calculated through equation (3). The results are shown in Figure 16. 
Both quantities grow following the increase of discharge channel number. As revealed above, the 
growth of discharge efficiency lags behind the increase of plasma resistance. The four-channel 
discharge has plasma resistance about four times of that in single-channel, but its discharge efficiency 
is only doubled.  
 
Figure 16.  The plasma resistance and discharge efficiency for discharge with different channel 
number 
The discharge process is recorded through a Nikon D7000 camera, equipped with 34 mm focal 
length lens. The lens aperture is set f # /6.3, shutter speed 1/320 s, ISO 100. The recorded discharge 
images are shown in Figure 17Figure 16. Apparently, the more channels are used, the stronger light 
intensity is produced by the spark light, suggesting that more energy is deposited. 
 
Figure 17.  The discharge images for actuator with different number of discharge channels (the 
discharge channel increases from one to four from left to right) 
3.2.2 The jet characteristics 
 The high-speed schlieren system allows of time-resolved imaging of the jet flow. The growth of 
the jet generated by the actuator with different channels is shown through five snapshots in Figure 18. 
A rectangle is used to highlight the turbulent jet. Its height and width in each snapshot are determined 
by the jet of the four-channel actuator. Overlapping this rectangle in the jet of other actuators allows the 
comparison of the jet size. It can be found that the jet from the single-channel actuator is significantly 
smaller than those from multi-channel actuators, suggesting that the jet velocity is also much smaller. 
Although there is no big difference in jet size at 147 us for the multi-channel actuators, following their 
development, the more channels the actuator has, a larger jet is produced. Again, it infers that the 
four-channel actuator provides the strongest jet. 
 
(a) One discharge channel 
  
(b) Two discharge channels 
 
(c) Three discharge channels 
 
(d) Four discharge channels 
Figure 18.  Schlieren images of the jet at given time steps with different discharge channel 
number 
The jet velocity is further estimated through the motion of turbulent jet front, which can be 
identified in the schlieren images. The jet velocity at 147 μs for all the four actuators is compared in 
Figure 19. The four-channel actuator has the largest jet velocity of 180 m/s, which is 1.5 time of that of 
single channel actuator. Although the jet velocity increases by increasing the number of channels, the 
increase becomes smaller, which means jet velocity is going to be only slightly increased when more 
channels are used. 
 Based on the method described in [21], the jet duration time is also estimated through schlieren 
recordings. The jet lasts longer when the actuator has more channels, as shown in Figure 19. For 
example, the jet generated by four-channel actuator lasts 50% longer than that of a single-channel 
actuator. Again the increase of jet duration time slows down when additional channels are further added. 
In summary, the multi-channel actuator generally generates stronger jet with longer duration time. 
However, the performance improvement slows down gradually when more channels are used. 
  
Figure 19.  The velocity of the induced jet 
The previous research has shown that jet velocity increases with the decrease of chamber volume, 
while the jet duration time decreases[1,7]. In contrast, with the discharge channel number increase, 
both the jet velocity and the jet duration time of the ME-PSJA increase. This is because the actuator 
chamber remains unchanged. Since more discharge channels are used, the discharge efficiency 
increases, releasing more energy into the actuator chamber. What’s more, the heating volume is also 
enlarged, which benefits the performance of PSJA as well. In all, both the jet velocity and the jet 
duration time of the ME-PSJA increase with the discharge channel number increase. 
4 Conclusions 
The present work successfully solves the stringent problems encountered in the use of 
two-electrode PSJA. A new multichannel discharge circuit is realized through the concept of voltage 
relay. This circuit allows the increase of total distance of spark channel without using larger input 
voltage. 
The present multi-electrode circuit is able to increase plasma resistance and discharge efficiency, 
however, the growth flattens out when more electrodes are used. This conclusion is further validated 
through a five-electrode PSJA. The experiment reveals that the five-electrode PSJA has efficiency two 
times of that of a two-electrode one. There is also significant increase in jet strength in terms of jet 
velocity and duration time. 
In all, the proposed ME-PSJA opens more application opportunities for the PSJA as it is able to 
generate stronger jet. 
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